Height is a complex quantitative trait with a high heritability. Short stature is diagnosed when height is significantly below the average of the general population for that person's age and sex. We have recently found that the retinoic acid degrading enzyme CYP26C1 modifies SHOX deficiency phenotypes toward more severe clinical manifestations. Here, we asked whether damaging variants in CYP26C1 alone could lead to short stature. We performed exome and Sanger sequencing to analyze 856 individuals with short stature where SHOX deficiency was previously excluded. Three different damaging missense variants and one splicing variant were identified in six independent individuals; the functional significance of the identified variants was tested in vitro or in vivo using zebrafish as a model. The genetic and functional data reported here indicate that CYP26C1 represents a novel gene underlying growth disorders and that damaging variants in the absence of SHOX variants can lead to short stature.
Introduction
Short stature is diagnosed when the height of an individual is 2 SD below the mean height of a population of the same ethnic group, age, and gender [1] . The height of an individual is the result of the interactions of different genetic and environmental factors. Hormones, extracellular matrix proteins, membrane and nuclear receptors, enzymes and transcription factors, together with environmental cues such as nutrient availability establish a complex network that leads the growth of the long bones to their final length, hereby deciding on a person's final height. Genetic variants negatively affecting the nodes of such a delicate system may result in readjustments that lead from height within the normal range to diseases with various skeletal defects, altered bone growth, and stature below the mean. More than 150 genes are known to be involved in the etiology of short stature [2, 3] .
In a recent study, we identified CYP26C1 as a genetic modifier driving SHOX deficiency toward a more severe phenotype [4] . All the combined SHOX (MIM:312865) and CYP26C1 (MIM: 608428) variants were found so far in patients with Léri-Weill dyschondrosteosis (MIM:127300), the severe form of SHOX deficiency (MIM: 300582). CYP26C1 is an enzyme belonging to the cytochrome P450 superfamily and is involved in the degradation of intracellular retinoic acid (RA). RA has been shown to play an important role during skeletogenesis and alterations of its physiological levels can lead to dramatic effects on bone development [5, 6] . Excess of RA hinders longitudinal bone growth by inhibiting proliferation and hypertrophy of growth plate chondrocytes and matrix synthesis in postnatal rats [7] . CYP26B1, another member of the CYP26 family, has been shown to be involved in skeleton development and, variants in this gene, lead to craniosynostosis and multiple skeletal anomalies including shorter limbs in humans [8] . Loss of cyp26c1 in zebrafish embryos leads to accumulation of RA resulting in reduction of SHOX expression and smaller limbs [4] .
In this study, we asked whether damaging variants in CYP26C1 could account for short stature in individuals where SHOX deficiency was excluded. A cohort of 856 individuals with short stature and an intact SHOX gene were therefore analyzed for variants within the CYP26C1-coding sequence. Functional studies on the detected variants were performed to test their effect in cell culture or zebrafish embryos.
Materials and methods

Cohort of short-stature patients and controls
The sample comprised 856 unrelated individuals with idiopathic short stature (834 with proportionate short stature and 22 with disproportionate/mesomelic short stature). The 834 individuals with proportional short stature comprised 546 Germans, 265 Japanese, 13 Belgians, and 10 Americans. The 22 individuals with disproportionate short stature were of German origin.
Sequencing results were compared to publicly available databases (gnomAD, TGP, and EVS) and to 350 control individuals with normal stature (240 Germans, 110 Japanese).
Sequencing
The DNA samples from the cohort of short-stature patients were sequenced as follows: 230 individuals with idiopathic short stature were sequenced by whole-exome sequencing as described below; 234 individuals with idiopathic short stature were sequenced with the GS Roche Junior System (Roche), as recommended by the manufacturers; 392 individuals with short stature were sequenced by Sanger sequencing. Index patient of family 1 was identified in the cohort of short-stature individuals analyzed by Sanger sequencing. Index patient of family 2 was identified in the cohort of short-stature individuals analyzed with the GS Roche Junior System. Families 3 and 4 were identified in the cohort of short-stature individuals analyzed by wholeexome sequencing. Individuals 5 and 6 were identified in the cohort of short-stature individuals analyzed by Sanger sequencing. Variants identified by the GS Roche Junior System or whole-exome sequencing were validated by Sanger sequencing. CGH arrays were also performed on families 3 and 4 to exclude copy-number variants.
CYP26C1 accession (NM_183374. 
Whole-exome sequencing
Whole-exome sequencing was performed on 230 individuals with short stature as previously described [9] . Briefly, DNA from the patients was enriched using the Agilent's SureSelect Human All Exon Kit V5 (Agilent Technologies), and sequenced in paired-end reads on a HiSeq2500 system (Illumina). Sequenced reads were mapped with BWA to the reference human genome assembly hg19 (GRCh37). Genotypes were additionally called with GATKHap, GATKUG [10] . An in-house database consisting of 1200 sequenced exomes was also used to exclude sequence errors and frequent variants.
Zebrafish experiments
Experiments were carried out in wild-type Danio rerio strains (AB, TL, Tübingen). Sense-capped RNA of human CYP26C1 wild type and mutants was synthesized using the mMESSAGE mMACHINE system (Ambion) from pCS2 [11] .
Whole-mount in situ hybridization was performed as described previously [12] . Probes were designed and synthesized as previously described [4] . Images were taken with the microscope SZX16, Cell D Imaging Software (Olympus). Pectoral fin area was measured with Fiji ImageJ [13] .
Minigene splicing assay
The minigene splicing assay was performed as previously described [14] . PCR fragments of CYP26C1 intron3-exon4-intron4 genomic region were cloned into the splicing vector pSPL3 using specific primers linking the EcoRI and BamHI restriction enzyme sites (forward primer 5′-GTA-CAGGGAAAGGGCAATGG-3′; reverse primer 5′-GAGTTTGATCCTGAGCCCCT-3′). Wild-type (Wt) and mutant constructs were verified by Sanger sequencing.
U2OS cells (human osteosarcoma cells, ATCC; mycoplasma-free) were cultured in DMEM containing 10% FBS and penicillin/streptomycin at 37°C, 5% CO 2 , 95% humidity. Minigene splicing assays were performed as follows: cells were seeded in six-well plates at 2 × 10 6 cells each well. After 24 h, cells were transfected with Lipofectamine 2000 (Invitrogen) according to standard protocols. For each well, cells were transfected with 2.5 µg of pSPL3 empty vector, pSPL3-CYP26C1 intron3-exon4-intron4 wt, or pSPL3-CYP26C1 intron3-exon4-intron4 c.706-2A>C mutant. After 24 h, RNA was extracted with Trizol (Invitrogen) following standard protocols. Complementary DNA synthesis was performed with SuperScript™ II according to the manufacturer's protocol. To evaluate splicing, vector-specific primers were used for PCR (forward primer SD6 5′-TCTGAGTCACCTGGA-CAACC-3′; reverse primer SA2 5′-ATCTCAGTGG-TATTTGTGAGC-3′). PCR was performed using Q5
® highfidelity DNA polymerase (New England Biolabs) according to the manufacturer´s protocols. The PCR products were separated by electrophoresis on a 1.5% agarose gel. All transcripts were verified by Sanger sequencing.
Statistics
Samples for zebrafish embryos experiments were randomly assigned to experimental groups, to processing order, and positioned in multi-well devices. No statistical method was used to predetermine the sample size. Group sample sizes for experiments were chosen based on previous studies. Zebrafish embryos that died before analysis were excluded. Pectoral fin pictures were taken and analyzed randomized blindly. Statistical analyses were performed using GraphPad Prism version 5 for Windows (GraphPad Software). Data were tested for normality using the D'Agostino and Pearson omnibus normality test. Differences were analyzed by analysis of variance test. For all experiments, data are expressed as the mean ± SD. P-values <0.05 were considered significant. Pairwise comparison between wild type and mutants resulted in a P-value for the mutants (c.148C>T, p.(Pro50Ser), c.356A>C, p.(Gln119Pro), and c.910G>A, p.(Ala304Thr)) that withstand correction for multiple testing using the Bonferroni threshold (P < 0.0125; n = 4 tests).
Bioinformatics resources
Primers for sequencing were designed using Primer3 [15] . Variants were tested with PolyPhen2 [16] , MutationTaster [17] , SIFT [18] , PROVEAN [19] , and CADD [20] .
Ethical approval
This study was approved by the Institutional Review Board Committee at the Heidelberg University, Hamamatsu University, and National Center for Child Health and Development, and performed after obtaining written informed consent from the participants.
Results
To evaluate whether damaging CYP26C1 variants could lead to short stature, we performed exome and Sanger sequencing on a cohort of 856 individuals with short stature and 350 individuals with normal height (Supplementary  Table S1 ). In all patients, defects in the SHOX gene or its enhancers were previously ruled out. We identified three different rare missense variants, c.148C>T, p.(Pro50Ser), c.356A>C, p.(Gln119Pro), and c.910G>A, p.(Ala304Thr), and a splice variant change, c.706-2A>C, in CYP26C1 in four unrelated individuals with short stature (Fig. 1) . The variant c.356A>C, p.(Gln119Pro) was identified in two additional unrelated patients. The identified variants were either not reported or described as rare in the major public Table S1 ). All identified missense variants in the patient cohort were predicted as damaging by three or four of the four prediction tools used. The splice variant was predicted as damaging by MutationTaster (Supplementary Table S1 ). In the control group with normal height, two rare missense variants c. Table S2) .
In family 1, the affected German individual with a height SD of −2.9 carried the missense variant c.148C>T, p.(Pro50Ser) (Fig. 1) . This variant was reported as rare by the gnomAD and TGP databases (Supplementary Table S1 ). Neither clinical data nor DNA from both parents was available to test association and inheritance. To assess the functional significance of p.(Pro50Ser), we performed in vivo experiments in zebrafish. One-cell stage zebrafish embryos were injected with sense-capped RNA encoding for hCYP26C1 wild type or mutant. We included the common CYP26C1 missense variant, c.734G>A, p.(Arg245Gln), found in individuals with normal height as an internal negative control. As expected, injection of hCYP26C1 wild type or hCYP26C1 p.(Arg245Gln) resulted in the complete loss of the pectoral fins as a result of its enzymatic activity (Fig. 2) . In contrast, embryos injected with RNA encoding for the variant p.Pro50Ser developed normal pectoral fins, suggesting that this variant affects CYP26C1 activity (Fig. 2) .
In family 2, the Japanese index patient with a height SD of −4.35 (Fig. 1, II:1) carrying the CYP26C1 variant c.356A>C, p.(Gln119Pro) presented with short stature. This variant was also carried by the mother with borderline height (SD −1.85) and found in two further unrelated Japanese individuals with short stature in our cohort (SD −2.8; SD −3.9; Supplementary Table S3). Functional analysis of Gln119Pro showed a highly significant impact on CYP26C1 in zebrafish embryos when compared to wild type or the p.(Arg245Gln) control (Fig. 2) . Based on the fact that this variant was inherited from the unaffected/ borderline mother in family 2, we cannot reliably conclude that this variant is causative for short stature in this family, however, incomplete penetrance cannot be ruled out. In family 3, the affected girl of German origin presented with a height of −2.9 SD and intellectual disability (ID). The patient was born at term to non-consanguineous parents after normal pregnancy with a weight of 3200 g (~50th centile and a birth length of 49 cm, 50th centile). After birth, a congenital hip dysplasia and an umbilical hernia were noticed and treated. Her development was in the lower normal range and she received special training for her learning disability. Puberty was normal. Her growth was reported to constantly be below the 3rd centile. Other than myopia and her growth deficit, no further medical issues were present. At the age of 14.5 years, her height was 2.9 SD below the average height. Her facial gestalt was not specific. Weight and head circumference were below the 3rd centile. The patient carried a de novo CYP26C1 variant, c.910G>A, p.(Ala304Thr) (Fig. 1) . This variant is not reported in the gnomAD, TGP, and EVS databases (Supplementary Table S1 ). No further variant explaining the patient phenotype could be found in the whole-exome sequencing data. Functional analysis in zebrafish embryos displayed a strong and significant effect of p.(Ala304Thr) on the development of the pectoral fin (Fig. 2) .
In family 4, we identified the splice variant c.706-2A>C. The affected boy of German origin presented with short stature (−4.3 SD) and autism spectrum disorder (ASD) at the age of 8 years (Fig. 1, family 4) . The child was born from non-consanguineous parents. He was born after a prenatal infection at 25th week of gestation with a weight of 765 g and a length of 30 cm. The variant was inherited from No further variant explaining the patient phenotype could be found in the whole-exome sequencing data. In order to test the functional significance of c.706-2A>C, we performed a minigene splicing assay with the pSPL3 vector [14] ( Fig. 3a) . This variant strongly affected splicing, leading to the retention of intron 3, as shown by the minigene splicing assay (Fig. 3b) . Intron 3 contains a stop codon and its retention would lead to an insertion of 67 amino acids and a stop codon after position p.(Lys235), resulting in a truncated protein missing the P450 domain. Although we cannot exclude that during development and growth of the bone alternative or cryptic splicing events occur leading to the synthesis of functional CYP26C1 protein, our data suggest that c.796-2A>C compromises CYP26C1 splicing. RNA from this family was not available to assess this possibility.
Discussion
We have recently reported that CYP26C1 acts as a genetic modifier for SHOX deficiency [4] . Patients bearing damaging variants in both SHOX and CYP26C1 presented with more severe phenotypes when compared to family members carrying only SHOX variants. We also demonstrated that damaging CYP26C1 variants lead to high RA levels which, in turn, repressed SHOX expression, thereby exacerbating the SHOX deficiency phenotype, as seen in patients with Léri-Weill dyschondrosteosis [21] . In this study, we investigated whether variants in CYP26C1 alone could lead to short stature. We screened 856 patients with short stature, where SHOX deficiency had previously been ruled out and identified four variants, three missense variants, and one splicing variant, in six independent individuals (6/856;~0.7%). All four identified variants displayed a significant effect on CYP26C1 activity or splicing compared to wild type, whereas this was not the case for the three missense variants found in individuals with normal height (this study; and ref. 4) .
The c.910G>A, p.(Ala304Thr) variant and the splice variant c.706-2A>C were not present in gnomAD, TGP, or the EVS databases. The c.148C>T, p.(Pro50Ser) variant was not found in the TGP and EVS databases, but in 7/ 75893 individuals from the gnomAD. GnomAD provides a dataset of exome and whole-genome sequencing from unrelated individuals sequenced as part of disease-specific and population genetic studies (e.g., the Cancer Genome Atlas, 1000 Genomes, Myocardial Infarction Genetics Consortium). It is therefore likely that the height of most individuals was not reported as a phenotype during the process of data collection; therefore, it cannot be excluded that some of these individuals are also short.
Variant c.356A>C, p.(Gln119Pro) was not found in (non-Finnish) Europeans but in two individuals (Han Chinese) of a total 2501 of individuals in the TGP, suggesting that this variant is more frequent in the East Asian population. It was also found in 27 individuals of East Asian origin in the gnomAD (27/81,453 individuals; allele frequency 0.00017). Just considering the East Asian population in this database (27/11,628) , the allele frequency is 0.0023. This variant was also rather frequent in the Finnish population (246/81,453, allele frequency 0.0030; 246/ 11,134, Finnish individuals allele frequency 0.022), clearly not a rare variant in this population. These data show that c.356A>C, p.(Gln119Pro) is a variant with very different population frequencies. Our data also argues for reduced penetrance. It would be interesting to analyze this variant specifically in short individuals from Finland, China, or Japan to get further insight into its penetrance.
A previous study has associated CYP26C1 homozygous and compound heterozygous 7-bp duplications (predicting a c.844_851dupCCATGCA, p.(Glu284fs128) frameshift) with focal facial dysplasia type IV [22] . The 7-bp duplication was also present in 0.3% of healthy control individuals and 0.3% of patients with other birth defects. In contrast to our results, short stature or a neurodevelopmental phenotype were not reported in the affected homozygous/compound heterozygous and non-affected heterozygous individuals. We would have expected that loss of both CYP26C1 alleles leads to a short-stature phenotype. The observed phenotypic variability may be explained by allelic variation, modifier genes, and complex genetic and environmental interactions [23] . A recent screen in 589,306 genomes identified 13 healthy adult individuals bearing known variants for eight severe Mendelian diseases, indicating that there are genetic and environmental factors that can buffer the phenotypic effect of highly penetrant deleterious variants and that phenotypic variability is more common than anticipated [24] . Excess of RA affects multiple organs during development and in adulthood including the limb, eye, face, and central nervous system [25] resulting in a broad spectrum of phenotypes. It is therefore possible that variants in CYP26C1 leading to increased levels of RA are buffered and/or compensated by variants in other genes within and without the RA pathway resulting in low penetrance. Finally, neither height nor IQ scores were analyzed in the focal facial dysplasia type IV study and, therefore, it cannot be excluded that those individuals presented with reduced height and/or lower IQ scores compared to other family members. Two of the six cases in our study presented with short-stature and a neurodevelopmental phenotype. In family 3, the affected individual presented with short-stature and mild ID. In family 4, the affected son displayed short stature as well as ASD associated with ID, which did not show in his mother. A recent study reported an individual with a de novo 8.3 Mb microdeletion on chromosome 10q23.2-23.33 associated with accelerated skeletal and dental development, craniosynostosis, retinal scarring, and ASD [26] . The patient displayed elevated levels of total RA metabolites. The deleted region contains CYP26C1 and other genes that play a role in vitamin A metabolism including CYP26A1, CYP2C8, CYP2C9, and RBP4. Our patients did not show craniosynostosis, eye, and dental phenotypes, likely because other RA metabolism genes, e.g. CYP26A1, compensated for the loss of CYP26C1. However, as RA plays a role in the development and maintenance of different tissues and organs including the brain [25] and since Cyp26c1 as well has been proposed to play a role in brain development [27] , compromised CYP26C1 function alone could be the cause of the ID found in these two patients. Alternatively, another so far unknown gene(s) may contribute to the neurodevelopmental aspects of the present phenotype. This may be more likely, considering the fact that the mother of family 4 with the same variant shares short stature with her son but not the ID/ASD phenotype, although other scenarios including variable penetrance cannot fully be ruled out.
Our analysis in zebrafish gave a straightforward answer on whether a variant proved to affect function or not. Limb development can be dramatically affected by manipulating RA levels; both excess and deficiency of this signaling molecule can alter limb formation [25] . Loss of RA in the early stages of development of zebrafish embryos causes forelimb initiation defects [27] . Injection of wild-type CYP26C1-capped RNA in zebrafish embryos results in ectopic overexpression of this enzyme leading to depletion of RA in the embryo and consequently to defects in limb development. The CYP26C1 missense variants identified in our cohort of short-stature patients, c.148C>T, p.(Pro50-Ser), c.356A>C, p.(Gln119Pro) and c.910G>A, p.(Ala304Thr), alter CYP26C1 enzymatic activity. Mutant CYP26C1 protein, even if expressed ectopically, cannot deplete RA. We hypothesize that individuals bearing CYP26C1 damaging variants have a defective catabolism of RA resulting in an excess of RA, which then can lead to altered limb patterning and culminate in short stature.
Together, our compiled genetic and functional data support the conclusion that rare damaging variants in CYP26C1 are causative for short stature with incomplete penetrance. The zebrafish model has become an important tool for modeling genetic diseases in the context of basic research [28, 29] and will continue to be of use for highthroughput screening of small molecules to accelerate drug discovery [30] .
